In December 2008, an intense avalanche cycle occurred in the eastern part of the southern French Alps. Using this case study, this paper illustrates how spatial statistics can be used to analyse such abnormal temporal clusters of snow avalanches. Spatial regression methods are used to quantify aggregation and gradients and highlight the three day snowfall as the main explanatory factor. A max-stable model is developed to evaluate the snowfall return period, so as to compare the studied cycle with previous ones and with empirical return periods for avalanche counts.
Introduction
An avalanche cycle is an abnormal temporal cluster of snow avalanche events occurring during a few days in a given mountain range (e.g. Birkeland et al. 2001 [1] ). The cause is generally a severe storm bringing high snowfalls, but strong temperature variations causing snowmelt and/or fluctuations of the freezing level can also be involved. Understanding the links between avalanche cycles and climatic factors is important for hazard forecasting and risk mitigation, especially in the current context of climate change that increases variability at high altitudes. While it now is relatively straightforward to precisely evaluate the magnitude/frequency relationship on given paths (e.g. [2] ), quantifying the magnitude of an avalanche cycle that affects a whole mountain range over several days is more difficult. Different data sources must be used and confronted, and the spatial and temporal scales that provide the best description of the phenomenon must be found to make sound historical comparisons. In December 2008, an intense avalanche cycle occurred in the southern French Alps. Southerly atmospheric fluxes that progressively evolved into an easterly return caused important snowfalls during three days. Cold temperatures and drifting snow had important aggravating effects, so avalanche activity was high during 5 days, with a total of 209 avalanches recorded in the French "EPA" avalanche database (Fig 1) . Some of the avalanches had very long runouts that exceeded historical limits recorded in the avalanche atlas (Gaucher et al. 2010 [3] ). Two massifs of the southern French Alps were strongly affected: Queyras and Mercantour, where important roads were closed over several consecutive days. Villages such as Ristolas (Queyras massif) and ski resorts such as Isola 2000 (Mercantour massif) were thus isolated. A few buildings were partially destroyed, for instance in Saint Etienne de Tinée (Mercantour massif), and ski lifts as well as forests were damaged. This cycle has been deeply analysed in terms of snow avalanche climatology in Eckert et al. 2010 [4] . The aim of this paper is to emphasize the methodological approach, mainly the use of relatively simple spatial statistics tools to highlight the 3-day snowfall as the main explanatory factor of the cycle, and the use of a max-stable model to characterise its return period spatially. An important constraint is that different data structures had to be considered: avalanche reports, point measurements of continuous weather fields, and gridded results from numerical modelling of meteorological and snow cover variables. For the latter, the scale is the massif which is used for data assimilation and avalanche forecasting in an operational context (Durand et al. 1999 [5] ). [4] . In red, the 5 days defined as the avalanche cycle. Top corresponds to the full database and bottom to one of the two most affected massifs, Queyras.
Spatial analysis of the December 2008 avalanche cycle
To characterise spatial patterns at the massif scale, the classical Moran index I has been used: Conversely, higher values indicate presence of clusters in the observed spatial patterns. Significance of the observed aggregation/repulsion patterns were tested against the null hypothesis of random spatial sampling. Computations were made using a very simple weight matrix based on a minimal number of nearest neighbours at a given lag. Results clearly show the strong spatial heterogeneity of avalanche activity during the cycle across the French Alpine massifs, and the very similar patterns for the 3-day snowfall evaluated at the massif scale by the meteorological model after data assimilation: a strongly significant Moran's I at small distances and a significant repulsion at lag 5 (Fig 2) . To explain these patterns, different regressions were performed using the generic linear model:
where i y is the number of avalanches per path and massif or the 3-day snowfall per massif, ik x the considered covariates, ( ) 
Evaluating high return period snowfalls using max stable processes
A max-stable process Z(x) is the limit process of maxima of i.i.d . random fields ( ) i Y x such as:
where a n and b n are suitable sequences of functions (De Haan, 1984 [7] ). All marginal distributions are GEV, with location, scale and shape parameters depending on the spatial coordinates, with the limit case
The extremal coefficient ( ) [12] ). This framework has been applied to all the long snowfall series available in the French Alps for different durations. Data have been standardized to retire the orographic effect. Different formulations of the extremal coefficient have been tested, with the constraint of a simple smooth evolution of the GEV parameters, to provide easy access to any quantile such as the one corresponding to the 100-year return period in space. Competing models have been evaluated using an adapted penalized likelihood criterion (Takeuchi, 1976 [13] ). Retained model for both one and 3 day snowfall is a modified Brown-Resnick one inspired from Blanchet and Davison, 2011 [14] , so as to take anisotropy into account. Anisotropy is much more visible for one day than for 3 day snowfall (Fig 3) , but necessary to obtain the best fit in both cases. By comparison to the tested Schlather and Smith formulations, the Brown-Resnick one has the advantage of allowing asymptotic independence at large distances, and to be relatively flexible at short distances. In terms of smooth evolution of the GEV parameters, the selected model for the 3-day snowfall is: 
Return period of the December 2008 avalanche cycle
The max-stable model was used to evaluate the return period of the 3-day snowfall for all measurements made during the December 2008 cycle. Krieging was then used to obtain a continuous function of space. Highest 3-day snowfall return periods were close to 10 years in the extreme east of the Queyras massif, and in the Mercantour massif, but with very strong intra massif gradients (Fig 4) . For comparison, empirical return periods were computed at the massif scale for registered avalanches counts (Fig 5) . Spatial patterns are similar, but largely enhanced, with highest values of 54 years in Queyras and Mercantour. This result is obtained because the cycle corresponds to the historical maximum since the early beginning of the EPA report in these two massifs. Discrepancies between 3-day snowfall and avalanche return periods can be attributed to aggravating factors, mainly snowdrift and cold temperatures, to the strong intra-massif snowfall gradients (most of the avalanche paths are close to the Italian border, where the snowfall has been the most intense), but also to the high imprecision related to the empirical estimation used for avalanche counts. This method has been chosen because of the discrete nature of avalanche counts that makes difficult direct use of extreme value theory. It highlights the need for, in the future, developing extreme values statistical models adapted to discrete observations. 
